Abstract: Lime-induced chlorosis (LIC) is an important abiotic constraint affecting the growth and yield of grapevines growing in calcareous soils in the Mediterranean region, and the sensory properties of the produced wine. In the work presented herein, the impact of LIC on the nutritional status and chlorophyll content was assessed for eleven varieties and a clone (Merlot, Pinot Noir, Cabernet Sauvignon, Tempranillo, Parraleta, Moristel, Aglianico, Macabeo, Sauvignon, Chardonnay, and Riesling), grafted to the same rootstock (1103 Paulsen). Macro-and micronutrient contents were determined in the fruit set and veraison stages by petiole analyses, while chlorophyll content in young leaves was monitored by SPAD. Significant differences were detected amongst varieties for all nutrients (including Fe), and inverse relationships between Fe and P contents in the petiole and chlorophyll concentration in the young leaves were found. Regarding LIC resistance, the Fe and chlorophyll contents suggest that Cabernet Sauvignon, Tempranillo and Aglianico varieties would show the best performance, while Sauvignon would be the least tolerant.
Introduction
Lime-induced chlorosis is considered the most widespread abiotic stress that affects grapevines, characterized by interveinal yellowing in the leaves. It affects chlorophyll synthesis, causes millerandage, and reduces and delays grape ripening. Further, it must be systematically corrected in the vineyards in which it appears by massive applications of synthetic iron chelates, resulting in an increase in production costs and in environmental risks [1] .
In terms of productivity, the low photosynthesis rate occurring in chlorotic plants remarkably depresses the yield and vigor of vineyards [2, 3] : according to Bavaresco et al. [4] , lime-induced chlorosis (LIC) can reduce yield per plant by 82%, cluster weight by 68%, and berry weight by 47% as compared to normal growth conditions. Moreover, LIC would lead to low bud fruitfulness for the following year [5, 6] .
LIC would also significantly participate to the manifestation of sensory properties of produced wine and would influence its character [7, 8] . The synthesis and accumulation of sugars, acids and phenolic compounds in grapes through ripening would be greatly influenced by the photosynthetic capacity of the vines [9] , as this capacity depends directly on vine-leaf biomass (canopy size, density and vigor) and leaf chlorophyll content [10] . Technological grape parameters such as soluble solids, pH and anthocyanins have been reported to depend on the severity of the disorder reached in the campaign, and also on its cumulative effects, which are manifested in the stocks in subsequent years [11] .
A severe nutritional deficiency of iron can cause a drastic reduction in the quality of the grape [12] , which translates into a poor quality of the musts, as a result of a reduction in the content of sugars and anthocyanins, and in an increase in total acidity [13, 14] . On the other hand, under mild LIC, technological grape parameters such as soluble solids, pH and anthocyanins would be increased, whilst titratable acidity would not be affected [6] . The high sugar concentration would be a consequence of grape yield reduction, and the higher concentrations of anthocyanins and polyphenols in chlorotic vines would be ascribed to the greater proportion of skin/pulp, as a consequence of the reduction in the size of the berries. Increased anthocyanin levels would also result from improved biosynthesis in grape skins. The biochemical mechanisms involved are not clear, but Bavaresco et al. [4] speculated that, Fe being constituent of enzymes involved in lignin synthesis, its deficiency may switch the shikimate pathway towards other phenolics including anthocyanins. Stilbenes, being stress compounds [15] , would also greatly increase their concentrations in grapes of chlorotic vines: by 635% for trans-resveratrol, by 1609% for trans-piceid, by 550% for piceatannol, and by 500% for ε-viniferin [4] . This increase would result from a depression of the peroxidase activity in the berries.
Calcareous soils, with a basic pH and elevated bicarbonate concentrations, induce LIC, owing to both the limited bioavailability of Fe from the soil and the depleted acquisition and translocation of Fe within the plant [16] . Other aspects, such as the excess of other elements (Mn, Cu, P, . . . ), poor soil aeration and soil compaction, low root zone temperature, excessive nitrate-N availability or high soil moisture conditions may also favor this disorder [17] . Further, any weakness of the plant (pathogen infections, damages to the root system caused by soil tillage, grafting incompatibility between scion and rootstock, etc.) may also constrain Fe nutrition. Fundamental and applied aspects of Fe nutrition of deciduous fruit crops and grapevine are discussed in detail in the review paper by Tagliavini and Rombolà [3] .
Different grapevine varieties have different behaviors in terms of nutrients absorption, provided that the limiting factors of the rootstocks are dissimilar. The different behavior of the rootstocks as related to limiting factors of the soil can facilitate the spread of this disorder if a correct choice is not made. Actually, an approach to prevent LIC relies on the use of tolerant genotypes as rootstocks, but in some cases such resistant rootstocks may have drawbacks from an agronomic point of view (e.g., they may induce excessive growth of the scion and reduce fruit yields) [3] .
The occurrence of LIC in grapevine is usually predicted with tests based on soil iron forms [18] , and the nutritional status of the plant is generally assessed through leaf analyses, in spite of the fact there is often no correlation between iron in leaves and degree of chlorosis [19] . Petiole analyses could pose an interesting alternative [20] , provided that Benito et al. [21] reported that the petiole would be a better choice than the blade for iron determination at both complete cap-fall and fruit set and that at veraison a similar reliability would be attained for both tissues. Another approach would consist in non-destructive measurements of chlorophyll content on the basis of the absorbance in the red and infrared regions (SPAD) [22] . This technique has been successfully used in other species [23] and, in the case of grapevine, several authors have shown that it can be used to estimate N content in the leaves [24, 25] . Finally, other non-destructive techniques for vigor, LIC and other phytopathologies assessment based on drones (UAVs) or satellites are also receiving increasing attention [26, 27] .
Although the sole Fe measurement does not provide a measurement of the LIC tolerance of a cultivar, provided that the content of a nutrient may be affect by several and contingent environmental and technical factors, the work presented herein aims to provide a first approximation to the impact of LIC by monitoring the nutritional status and chlorophyll content through petiole analysis and SPAD techniques, respectively. Eleven international and local grapevine varieties and a clone grafted to the same drought tolerant rootstock, which features a mild tolerance to calcareous soils, have been studied. The obtained information may be of interest for vineyards in the Mediterranean region, in which the soil conditions for Fe nutrition are sub-optimal (because of the calcareous soils), but the climate is favorable for maximizing fruit quality and maintaining satisfactory yields.
Materials and Methods

Grapevine Varieties and Rootstock
Eleven grapevine varieties and a clone were studied, out of which four were white-skinned berry varieties (Chardonnay, Macabeo, Riesling and Sauvignon) and eight were red-skinned berry viarieties (Aglianico, Cabernet Sauvignon, Merlot R-3, Merlot R-12, Moristel, Parraleta, Pinot Noir and Tempranillo). Three of these were minority cultivars (Macabeo, Parraleta and Moristel) from Somontano Designation of Origin (DO).
The chosen rootstock to which all varieties were grafted was a 1103-Paulsen (Berlandieri Resseguier no. 2 × Rupestris de Lot), a hybrid obtained in Sicily (Italy). It presents problems due to excess active limestone above 17% of soil content, which is equivalent to a chlorotic power index (CPI = active CaCo 3 ,% (Fe, ppm) 2 ·10 4 , according to Juste-Pouget method [28] ) of 30 [8] . Although its resistance to limestone would then be similar to that of the Richter 110 and 99, it is more resistant to drought (as it features a good root system development in those conditions [7] ) and especially to salt. It is considered the most resistant rootstock in both these aspects, and it also features a good resistance to nematodes and a mild tolerance to calcareous soils. Since it is very vigorous, it is suitable for plantations where vines have been grown before.
Location
The plot in which the tests were conducted is located in the municipality of Salas Altas, in Aragón, Spain (UTM 31, X: 258,352; Y: 4,666,634). The plot occupies 800 m 2 with a planting pattern of 3 × 1.2 m, resulting in a density of 2700 plants/ha, with a double Royat training system. The management of the plantation was the usual in the area, with three grower passes during the year (in March, June and August), pruning to 3 buds (in March), grape thinning (in July) and control of pests and diseases. Grapevines were treated against mildew with a preventive fungicide (cupric hydroxide) and a systemic fungicide (metalaxyl + mancoceb); and against powdery mildew with myclobutanil, a preventive fungicide, and with several systemic fungicides (bupirimate, tebuconazole and proquinazid).
The main processes of formation in the soils of vineyards in Salas Altas are the accumulation of pedogenic carbonates in the subsurface horizons and a light rubefaction in surface horizons. The calcification process results in the development of diagnostic calcic horizon, which classifies the soil as Haplic Calcisol [29] .
Climatic Conditions
The mean annual precipitation is about 490 mm and the mean annual temperature is 13 • C; the mean annual reference evapo-transpiration (by Thornwaite method) is about 800 mm, which provokes a summer water deficit. The soil temperature regime is mesic, and the soil moisture regime xeric [29] . According to the Géoviticulture multicriteria climatic classification system proposed by Tonietto and Carbonneau [30] , the Somontano DO belongs to the HI+2; CI+1; DI+1 climatic group (where HI, CI and DI stand for heliothermal index, cool night index and dryness index, respectively) [31] . The HI is warm (2427 • C), the CI corresponds to cool nights (13.9 • C) and the DI would be associated with a moderately dry class of viticultural climate (−50 mm). Basic weather information for the months in which the study was conducted is provided in Table 1 . 
Soil Analyses
Composite samples were taken at two depths (0-30 cm and 30-60 cm) and were analyzed according to the official methods of analysis in Spain [32] . Particle size analysis was conducted on <2-mm air-dried samples using the pipette method. Soil pH was determined potentiometrically in a 1:2.5 ratio in H 2 O [33] . Total carbonate content was measured volumetrically (with a calcimeter) after treating with 6N hydrochloric acid [34] . Total soil organic C was determined by the method of wet oxidation [35] ; organic matter was estimated using the van Bemmelen factor (1.724) [35] . The cation exchange capacity and exchangeable cations were determined by NH 4 + retention after leaching with a solution (pH 7) of 1 N NH 4 OAc [36] . Soil salinity was evaluated measuring the electrolytic conductivity (ECe) of the saturation paste extract at 25
The results from aforementioned analyses (Table 2) indicated that it was a soil of moderately basic pH, with a loamy textural class (total sand: 41.95%; coarse silt: 13.82%; fine silt: 23.92%, clay: 20.30%) and low stoniness. The high levels of carbonates, active limestone and bicarbonates would favor the Fe assimilation problems of the rootstock in those conditions. The K/Mg ratio indicated problems of Mg absorption [12] . As regards Fe, despite its high total content, the available Fe was in a concentration range in which LIC occurs (28-45 ppm for Fe-EDTA), which was further confirmed by the high chlorotic power index value, which exceeded the limit of 30 for the chosen rootstock. 
Petiole Analyses
Petiole samples were collected at fruit set (June 19) and veraison (August 13), choosing the leaves opposite to the bunches. Plant material sampling was done in three replicates for each variety (except for Parraleta and Riesling varieties, for which there were only 2 replicates), taking 40 petioles per replicate (a total of 120 petiole analyses on each date per variety). 20 samples/plant were taken from each the six plants in the center of a 10-plant row, leaving the outmost two plants on each side as guards. Samples were thoroughly washed with distilled water and diluted hydrochloric acid to eliminate residues, and were allowed to dry before crushing [38] .
The petiole analyzes were performed with a Selecta Pro-Nitro S-627 (Barcelona, Spain) Kjeldahl distillation unit for N determination, and a Jenway PFP7 flame photometer (Cole-Parmer, Vernon Hills, IL, USA) for Ca and K determination. A Varian Spectra A-10 Plus (Agilent Technologies, Santa Clara, CA, USA) atomic absorption spectrophotometer (AAS) was used to determine Fe, Mg and Mn, while an ATi Unicam UV2 UV/Vis spectrometer (Upland, CA, USA) apparatus was used for P determination by molecular absorption.
The comparison of the results was conducted taking as a reference the interpretation tables of petiole nitrogen content in Hidalgo Fernández-Cano and Hidalgo Togores [39] and the tables in [40, 41] .
Chlorophyll Monitoring
Chlorophyll measurements were conducted every 10 days from May till the end of August on young leaves (in particular, on the fourth leaf from the apex, so as to ensure that measurements conducted on different dates correspond to leaves in a similar development stage). 25 leaves per variety were analyzed on each date. Measurements were carried out with a Minolta SPAD 502 (Chiyoda, Tokyo, Japan) portable spectrophotometer.
For calibration purposes, 25 leaves with different degrees of chlorosis were first measured with the SPAD, and then collected and grouped in 5 bags according to the green/yellow hue (all leaves in a bag would be similar). 300 mg of plant material were taken from each bag and were ground to fine powder. The photosynthetic pigments were extracted in 80% acetone (10 mL maximum) and molecular absorption was measured at two wavelengths (at 645 and 663 nm) using acetone as a blank.
The molecular absorption spectrometry results, together with the SPAD data, were used to create a calibration curve using the Amon-McKinney formula [42] :
where C is the total chlorophyll content (in mg); A 645 and A 663 represent the absorption at 645 and 663 nm, respectively; V is the volume of the extract (in mL); and FW is the fresh weight of the plant material (in g). The resulting calibration curve (y = 0.1023e 0.0441x ; r = 0.9812) was in good agreement with those reported for grapevine [43] and for other species [22] .
Statistical Analyses
Correlations between the mineral elements in the petiole were determined at 95% confidence level. For the petiole analyses, ANOVAs at a level of significance of 95% were conducted. Tukey's multiple range test at 0.05 probability level (p < 0.05) was used for the post hoc comparison of means. All statistical analyses were conducted using IBM SPSS Statistics software (Armonk, NY, USA).
Results and Discussion
Petiole Analyses Results
The results from the petiole analyses conducted at the fruit set and veraison stages are summarized in Tables 3 and 4 , respectively. Significant differences among varieties were detected for all nutrients. Some values were slightly higher (N) or lower (P and Ca) than those reported in the literature, but Fe values were within reported ranges. Nitrogen would influence juice chemical composition (pH, total soluble solids, total titratable acidity, anthocyanins, and total polyphenols), and organoleptic properties [44] . In particular, total polyphenols normally increase with N and contribute to color intensity, tonality, and taste characteristics of grape and wine [45] . A reduction in soluble solids as a result of excessive growth associated with high N contents may be discarded in this case (because of LIC effects). Further, the value was not high enough to result in a significantly increase in juice pH (which would result in a poorer quality end product), citrate and malate [46] .
The low phosphorus values could affect total polyphenol contents and result in a reduction in berry size, berry numbers, berry weights, bunch weights and number of bunches/vine [47] . Conversely, the normal potassium values should lead to an adequate pH and a suitable content of tartaric acid in the must [48] : a stoichiometric exchange of the protons of tartaric acid and K, leading K bitartrate (a salt that precipitates and decreases the organoleptic quality of the wine) would not be expected in this case [49, 50] . Other parameters influenced by K nutrition (such as soluble solids [51] , technological (sugar) maturity [52] or anthocyanins in the must [53] ) should not be negatively affected either.
Apropos of the differences among varieties in terms of Fe content, in the fruit set stage the lowest value corresponded to Tempranillo, followed by Cabernet Sauvignon, Macabeo, Aglianico, Merlot R-3, Merlot R-12, Moristel, Riesling, Chardonnay, Parraleta, Sauvignon and Pinor Noir. In the veraison stage the sequence was very similar: the lowest value corresponded to Tempranillo, followed by Cabernet Sauvignon, Aglianico and Macabeo (which exchanged their positions), Merlot R-3, Merlot R-12, Riesling and Moristel (which also exchanged their positions), Sauvignon, Parraleta, Chardonnay and Pinor Noir. This confirms that Fe absorption (i.e., LIC tolerance) would be genotype dependent [54] .
It should be noted that caution should be taken in the interpretation of the correction, deficit or excess of the different contents of nutrients in the petiole, provided that these levels are conditioned by multiple factors, such as the location of the plantation, climatology, chosen rootstock, characteristics of the varieties, cultural practices, stage in which the samples were collected, methods of analysis, etc.
The evolution of the nutrients under study between sampling dates coincided with that already established for other varieties, with a decrease in the N, P and K contents, and an increase in Ca and Mg contents throughout the crop cycle. In the case of micronutrients, clear seasonal trends have barely been revealed, due to the high variability of the values obtained. Seasonal changes in the concentration of nutrients throughout the cycle indicated that it is necessary to establish separate reference levels for each tissue and phenological state, in agreement with Romero [55] .
A positive trend in Fe bio-accumulation between periods (difference between fruit set and veraison samples) was observed for all varieties except for Sauvignon (−1.8 mg/kg) and Aglianico (−6.9 mg/kg). Such behavior should be attributed to aforementioned varietal influence, in agreement with Bavaresco [56] .
Even for the same variety, differences resulting from the choice of the rootstock would occur [57] . Taking the Tempranillo variety as an example, for a similar soil and climate, differences can observed upon comparison with data reported for the same variety grafted to a R-110 rootstock [58] . Moreover, differences in the mineral content are observed for the same Tempranillo/R-110 combination upon planting in different locations [40] .
Regarding the correlations among different nutrient contents, as summarized in Table 5 , high correlations between the two sampling dates were only observed for N, Fe and Mn. The high correlation observed for Fe would suggest stability in its absorption, in agreement with Romero [55] .
Moderate and high correlations involving Ca, Mg, N and P in the veraison stage were detected and are also highlighted in bold in Table 5 . The highest (positive) correlations were found for Ca vs. Mg (in line with Garcia, et al. [59] and other authors), Mg vs. N and Mg vs. P. The high correlations for the latter two pairs of elements may be explained by their synergistic behavior: the increase in the concentration of one of them favors the absorption of the other [60] . Moderate correlations were found for Mg vs. P, Mg vs. N and Ca vs. P (the Ca vs. N correlation was weaker, 0.52). A moderate negative correlation was also found between Mn at the fruit set stage and N in the veraison stage.
The remaining possible correlations between the nutrients remained below 0.5, including all those in which Fe participated, for which no significant correlations with any of the other nutrients were obtained (while other authors found correlations between Mg and Fe contents [55] ). This indicated that a higher or lower iron content in the petiole would not imply high or low petiole contents for any of the other nutrients, confirming the so-called "iron paradox" [61] . Table 5 . Correlations among different nutrient contents in the petiole analyses in the two stages under study, and the chlorophyll contents (Chl) in those two stages. Subscripts f and v stand for fruit set and veraison, respectively. Statistically significant values (p < 0.05) are highlighted in bold. 
Chlorophyll Content Monitoring
Temporal Evolution
The trend for all varieties (Figure 1 ) was to increase their chlorophyll content until a maximum was reached in July, and, from then onwards, during the month of August, a gradual decrease in the chlorophyll content occurred. This is an expected behavior according to the physiology of the plant: it can be related to parameters of summer stress or, since it is a deciduous plant, to marcescence (with degradation of pigments), or to both at the same time [62] .
The Cabernet Sauvignon and Aglianico varieties stood out, as they featured a very high chlorophyll content in all measurements. Tempranillo and Merlot R-12 varieties also showed high contents at some specific sampling times and always remained above the threshold for 0.198 mg chlorophyll/100 g of leaves (used for separating leaves with a healthy hue from those that begin to present yellowing; value was estimated from visual inspection, according to [63] , and the calibration curve). On the contrary, very low chlorophyll content values were observed for Sauvignon all throughout the period of study. In the case of Macabeo and Pinor Noir and-to a lesser extent-Moristel, the chlorophyll content dropped below the critical level in July, so the expected impact of LIC would be higher than in other varieties (viz. Merlot R-3, Riesling, and Chardonnay), in which the chlorophyll levels dropped at the end of August, in the grape ripening stage.
From the reported data it becomes apparent that the occurrence of LIC symptoms is the result of an interaction between scion and rootstock and not just a feature of the rootstock, in line with Bavaresco and Lovisolo [64] : even if the rootstock is lime-tolerant and does not manifest chlorosis at low Fe contents due its genotype, the grafted variety may still be susceptible to LIC. However, the impact of other factors that can aggravate the problem cannot be ruled out. For instance, studies on Riesling variety have shown the influence of drought on chlorosis, advancing the effects of this disorder [65] .
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Correlation of Chlorophyll and Nutrient Contents
Moderate correlations between chlorophyll contents and Fe content determined from petiole analyses were found (Table 5 ). Upon comparison of chlorophyll contents from SPAD measurements with the Fe content at the fruit set stage (19th June), the sequence discussed in Section 3.1 was almost inverted (except for Pinor Noir, which moved two positions): the higher the Fe content in the petiole analyses, the lower the chlorophyll content in the leaves (Figure 2 
Moderate correlations between chlorophyll contents and Fe content determined from petiole analyses were found (Table 5 ). Upon comparison of chlorophyll contents from SPAD measurements with the Fe content at the fruit set stage (19th June), the sequence discussed in Section 3.1 was almost inverted (except for Pinor Noir, which moved two positions): the higher the Fe content in the petiole analyses, the lower the chlorophyll content in the leaves (Figure 2 ). In the veraison stage (12 August) the inverse relationship was less clear (the effect of chlorosis manifests itself a few days later in the basal leaves, which maintain their optimal levels for a longer time, to properly feed the bunch [66] ), but Tempranillo and Cabernet varieties, for which the lowest Fe contents in the petiole were determined (23.6 and 31.5 mg/kg, respectively), featured the highest chlorophyll contents in the leaves (0.337 and 0.277 mg/100 mg, respectively). These results would be in agreement with Gezgin and Er [67] , who reported that the lowest total Fe content of petioles was found in the "green" leaves (i.e., with very light chlorosis).
Beverages 2018, 4, x 9 of 13 the inverse relationship was less clear (the effect of chlorosis manifests itself a few days later in the basal leaves, which maintain their optimal levels for a longer time, to properly feed the bunch [66] ), but Tempranillo and Cabernet varieties, for which the lowest Fe contents in the petiole were determined (23.6 and 31.5 mg/kg, respectively), featured the highest chlorophyll contents in the leaves (0.337 and 0.277 mg/100 mg, respectively). These results would be in agreement with Gezgin and Er [67] , who reported that the lowest total Fe content of petioles was found in the "green" leaves (i.e., with very light chlorosis). Moreover, a moderate inverse correlation between chlorophyll content at the veraison stage and P content at the fruit set stage (−0.74) was also found. This would be in agreement with Martín, et al. [11] , who also found that the Cab (chlorophyll a + b) concentration correlated inversely with phosphorus levels (r = −0.69; p < 0.05) in the blades, and would also be in line with the observations of other researchers [68] . Nonetheless, since the p content values were slightly lower than those reported in the literature, a certain photo-oxidative stress [69] cannot be excluded. Moreover, a moderate inverse correlation between chlorophyll content at the veraison stage and P content at the fruit set stage (−0.74) was also found. This would be in agreement with Martín et al. [11] , who also found that the C ab (chlorophyll a + b) concentration correlated inversely with phosphorus levels (r = −0.69; p < 0.05) in the blades, and would also be in line with the observations of other researchers [68] . Nonetheless, since the p content values were slightly lower than those reported in the literature, a certain photo-oxidative stress [69] cannot be excluded.
Conclusions
The selection of LIC tolerant grapevine varieties is of particular importance for vineyards in the Mediterranean region, in which the soil conditions for Fe nutrition are sub-optimal due to calcareous soils, because of its impact on productivity and wine quality. In the context of LIC tolerance studies, its effect on nutritional status has been assessed by determining nutrient contents at two development stages (fruit set and veraison) through petiole analysis, confirming significant differences among the eleven grapevine varieties under study, grafted to the same rootstock. The lowest Fe contents corresponded to the Cabernet and Tempranillo varieties, and the highest Fe content to Sauvignon. Inverse relationships between Fe and P contents in the petiole and the chlorophyll content in the young leaves-determined by SPAD-were found. As regards LIC tolerance, the nutrient and chlorophyll content results suggest that Cabernet Sauvignon, Tempranillo and Aglianico varieties would be the preferred choices, while Sauvignon would be the least tolerant. Among the minority varieties from Somontano DO, Parraleta showed best performance. Funding: This research received no external funding.
